Pesticides have made a major contribution to the improved productivity in modern agriculture, but at the same time, there are serious concerns about their impact on ecosystems and human health. Neonicotinoid pesticides (NNs) were developed in the 1980s as an alternative to conventional pesticides. The domestic shipment of NNs tripled in the 10 years between 2004 and 2014 \[[@r43]\], and NNs are now among the most widely used pesticides, accounting for over 25% of the world market share with rapidly increasing sales. NNs, like nicotine, have significant agonistic effects on the nicotinic acetylcholine receptors (nAChRs) of insects, and disrupt their neurotransmission. They are systemic pesticides characterized by high water solubility, residual activity and selective toxicity to insects. Since the binding ability of NNs to mammalian nAChRs is several hundred to several thousand times lower than that of NNs to insect nAChRs \[[@r39], [@r61]\], they have been considered to have low toxicity to mammals. However, several studies have reported the disappearance and mass death of honeybees in Europe, as well as in America and other countries, occurring since the 1990s \[[@r18], [@r21], [@r65]\], which has raised concerns about the secondary effects of these agents on non-targeted insects. It has also recently been reported that NNs have adverse effects on vertebrates for example, on the reproductive organs in reptiles \[[@r9]\], birds \[[@r26], [@r60]\] and mammals \[[@r67]\], and the emotional behavior in mice \[[@r23], [@r24], [@r59], [@r68]\]. In order to assess the risk of NNs, therefore, there is an urgent need for definitive information about their effects on mammals.

In recent years, the incidence of immune disorders such as allergies and autoimmune diseases has been increasing in developed countries, including Japan \[[@r3], [@r4], [@r42], [@r49]\]. These diseases are caused by an imbalance of immune cells and abnormal immune responses to external or self*-*antigens: impairment of immune tolerance. In Japan, the number of patients with atopic dermatitis, ulcerative colitis and systemic lupus erythematosus in particular has been increasing since the 1980s. Some reports have shown that these immune disorders are caused by not only genetic factors \[[@r32], [@r34], [@r55]\], but also environmental factors such as hygiene and smoking \[[@r2], [@r45], [@r50]\]. NNs may contribute to the high frequency of these diseases, because the domestic shipments of NNs have been increasing, as mentioned above \[[@r43]\], and people are routinely exposed to NNs through diet.

Some studies have shown that nAChRs are expressed in non*-*neural cells, including immune cells \[[@r31], [@r64]\], and immune function in mammals is regulated by acetylcholine (ACh) via autocrine/paracrine pathways \[[@r30]\]. In particular, it has been well established that α7 nAChR plays an important role in immune response \[[@r38], [@r51], [@r63], [@r69], [@r70]\]. ACh acts at α7 nAChRs to modulate cytokine synthesis in T cells, dendritic cells, macrophages and B cells, and α7 nAChRs on antigen-presenting cells interfere with antigen presentation by inhibiting antigen processing. NNs are likely to disrupt the mammal immune response via nAChRs, because NNs have low affinity to mammalian nAChRs but bind to them and induce neuronal excitation \[[@r22], [@r33]\]. To date, there have been reports on immunotoxicity *in vivo* by the NNs imidacloprid, thiamethoxam and acetamiprid \[[@r5], [@r52], [@r56]\].

Considering the increasing number of patients with allergic diseases, the present study focused on contact dermatitis, a type IV allergic reaction. We hypothesized that contact dermatitis in NN-exposed rats arises from a novel inflammatory reaction, rather than the normal inflammation via nAChRs. Clothianidin (CLO) is one of the most recently developed NNs and is widely used. It has been reported that CLO suppress cytokine production and activation of the transcription factor NF-κB in THP-1 cells \[[@r11]\], but there are no animal studies on its involvement in immunotoxicity. We conducted the present study to investigate the effects of CLO on rat immune responses, particularly allergic reactions, by using mainly histological analysis.

MATERIALS AND METHODS {#s1}
=====================

Animals
-------

Eighteen male Sprague-Dawley (SD) rats aged 5 weeks from Japan SLC (Hamamatsu, Japan) were group*-*housed (3 rats per an individual ventilated cage of 40.5 × 35.5 × 23.0 cm, Green Line IVC Sealsafe PLUS Rat; Tecniplast, Buguggiate, Italy) under controlled temperature (23 ± 2°C) and humidity (50 ± 10%) on a 12*-*hr light/dark cycle at the Kobe University Life*-*Science Laboratory with *ad libitum* access to water and a pellet diet (DC*-*8; Clea Japan, Tokyo, Japan). We used SD rats characterized by gentle, in order to reduce the administration stress, and actually, rats have been often used in general toxicity tests \[[@r14]\]. After one week acclimation, all rats (body weight: 190 ± 20 g) were gently orally administered CLO (purity: over 95%, extracted from Dantotsu^®^ Sumitomo Chemical Co., Tokyo, Japan, \[[@r23]\]) or vehicle (0.5% carboxymethylcellulose, 7.5 m*l*/kg) at a dose of 0, 30 or 300 mg/kg body weight for 28 days. The dose concentrations were chosen with reference to the no*-*observed*-*adverse*-*effect level (NOAEL) of 27.9 mg/kg from a 90*-*day dietary subchronic toxicity study in male rats \[[@r14]\]. These groups were defined as the CLO*-*0, 30 and 300 groups, respectively. The experimental design of present study is summarized in [Fig. 1](#fig_001){ref-type="fig"}.Fig. 1.Scheme showing the overall experimental design. Clothianidin (0, 30, 300 mg/kg/day) was administered to 6-week-old male Sprague-Dawley rats for 28 days. Three weeks after administration (Day 22), rats were sensitized to 2,4*-*dinitrofluoribenzene (DNFB) solution on their shaved abdomen. On the last administration day (Day 28), rats were challenged with DNFB solution on the right ear auricles. Within 24 to 32 hr after challenge, rats were sacrificed for analysis. The present study was approved by the Institutional Animal Care and Use Committee (Permission \#30*-*01*-*01) and carried out according to the Kobe University Animal Experimentation Regulations.

Induction of contact dermatitis
-------------------------------

Contact dermatitis, one of the cell-mediated immune responses, was induced by using 2,4*-*dinitrofluoribenzene (DNFB; Wako Pure Chemical Co., Tokyo, Japan) as described in previous studies \[[@r6], [@r41], [@r58], [@r66]\]. After 3 weeks of administration (Day 22), the rats were sensitized on the shaved abdomen by applying 50 *µl* of 0.5% DNFB solution (dissolved in a mixture of acetone and sesame oil, 4:1) with a micropipette. Six days later (Day 28), the outer surfaces of the right ear auricles were challenged with 50 *µl* of 0.5% DNFB, and vehicle alone was applied in the same manner to the left ear auricles as a negative control. Within 24*--*32 hr after induction of contact dermatitis, all rats were deeply anesthetized with a mixture of pentobarbital and medetomidine, and the ear auricles, other organs (thymus, femoral bone marrow, spleen, mandibular lymph node, ileum including Peyer's patch, and liver) and cecal contents were collected and subjected to analysis. The inflammatory response by DNFB was assessed by ear thickness, general histology and immunohistochemistry.

Measurement of ear thickness
----------------------------

To assess the degree of inflammatory response, we measured the thickness of the vertically cut right ear auricle using a micrometer dial thickness gauge (G*-*1 A type, Peacock; Ozaki MFG, Osaka, Japan). The measured value 10 sec after holding the ear auricles with the dial thickness gauge was evaluated. The ear auricle was stored at *−*80°C until measurement, and a single investigator performed the measurement throughout any one experiment to minimize variation due to technique.

Tissue preparation
------------------

We measured the organ weights of the thymus, spleen and liver after trimming. We cut the ear auricles vertically by using razors (FEATHER Safety Razor Co., Osaka, Japan), then embedded one cross section in Tissue*-*Tek^®^ OCT compound and fresh-froze it (Sakura Finetek, Tokyo, Japan). The other cross sections of the ears and small blocks of other organs were fixed in 4% paraformaldehyde in phosphate buffer for 24 hr at 4°C, dehydrated through a graded series of ethanol followed by xylene, and embedded in paraffin. Finally, 4-*µ*m-sections were cut by a cryostat (CM1950; Leica Microsystems, Wetzlar, Germany, for frozen-sections) or a sliding microtome (SM2000R; Leica Microsystems, for paraffin-sections), and mounted on a glass slide precoated with 0.2% 3*-*aminopropyltriethoxysilane (Shin*-*Etsu Chemical Co., Tokyo, Japan).

Histopathological analysis
--------------------------

For general histological analysis, the sagittal sections of ear auricles and the transverse sections of the thymus, femoral bone marrow, spleen, mandibular lymph node, ileum including the Peyer's patch, and liver were stained with hematoxylin and eosin (HE; Merck KGaA, Darmstadt, Germany) after their deparaffinization and hydration, following the manufacturer's instructions. To assess the degree of inflammatory response on the auricles, we examined the tissues for epidermal atrophy or thickening and changes in the extent of cellular infiltration in the dermis. In the case of the thymus, we measured the cortical and medullary areas as a histological assessment of the immunological status of this organ by using ImageJ software.

Immunohistochemistry
--------------------

To determine the localization of immune cells (helper T cells, cytotoxic T cells, macrophages, dendritic cells and granulocytes), antigens were detected using the indirect method of enzyme immunohistochemistry, following the manufacturer's instructions. Briefly, the sections of the ear auricles were dehydrated in acetone for 10 min at *−*18°C, then crosslinking fixed in 2% periodate lysine paraformaldehyde for 1 min at 4°C. After being rinsed three times in 0.01 M phosphate-buffered saline with 0.05% Tween*-*20 (TPBS; pH 7.4), they were incubated with Blocking One Histo (Nacalai Tesque Inc., Kyoto, Japan) for 1 hr at room temperature (RT), followed by incubation with anti*-*TCRαβ antibody (R73, diluted at 1:400; Serotec Ltd., Oxford, UK), anti*-*CD4 antibody (OX*-*35, diluted at 1:800; ThermoFisher Scientific, Waltham, MA, USA), anti*-*CD8 antibody (MRC OX*-*8, diluted at 1:800; ThermoFisher Scientific), anti*-*CD11b antibody (ED7, diluted at 1:800; ThermoFisher Scientific), anti*-*CD68 antibody (ED1, diluted at 1:800; Bio*-*Rad Laboratories, Inc., CA, USA) and anti*-*CD103 antibody (OX*-*62, diluted at 1:200; Abcam, Cambridge, MA, USA) for 18 hr at 4°C. Then all sections were immersed in 3% H~2~O~2~ for 1 hr at RT to quench the endogenous peroxidase activity. After being rinsed three times in TPBS, the sections were reacted with horseradish peroxidase rat anti*-*mouse IgG (H+L) (diluted at 1:200; Jackson ImmunoResearch Inc., West Grove, PA, USA) for 1 hr at RT. After an additional three rinses in TPBS, the immunoreactivities of the primary antibodies were examined with 3,3*-*diaminobenzidine tetrahydrochloride solution (EnVision^®^+ kit/HRP \[DAB\], Dako, Glostrup, Denmark). Mayer's hematoxylin was used as a counterstain. The sections on which immunoreactivity was detected with the DAB system were placed in a graded series of ethanol, dehydrated with absolute ethanol, cleared in xylene and mounted in Eukitt^®^ mounting medium (O. Kindler, Freiburg, Germany). We observed these glass slides paying attention to the extent of positive reaction in the auricles, in order to assess the degree of inflammatory response on the auricles.

16S rRNA sequencing
-------------------

The cecal contents from individual rats (n=1: the CLO*-*0 and 30 groups, n=2: the CLO*-*300 group) were collected for 16S rRNA analysis \[[@r8], [@r20]\] after euthanasia, and stored under *--*80°C until preliminarily analysis. The cecal samples were sent to GENEWIZ (South Plainfield, NJ, USA), and DNA extraction, quality control, rDNA variable region amplification, library construction, high*-*throughput sequencing and data analysis were conducted. DNA samples were quantified using a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA). 30*--*50 *n*g DNA was used to generate amplicons using a MetaVxTM Library Preparation kit (GENEWIZ). The v3 and v4 hypervariable regions of 16S rDNA were amplified using forward primers containing the sequence CCTACGGRRBGCASCAGKVRVGAAT and reverse primers containing the sequence GGACTACNVGGGTWTCTAATCC. Indexed adapters were added to the ends of the 16S rDNA amplicons to generate indexed libraries ready for downstream NGS sequencing on Illumina Miseq. DNA libraries were validated by Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), and quantified by a Qubit 2.0 Fluorometer. DNA libraries were multiplexed and loaded on an Illumina MiSeq instrument according to manufacturer's instructions (Illumina, San Diego, CA, USA). Sequencing was performed using a 2 × 300 paired*-*end (PE) configuration; image analysis and base calling were conducted by the MiSeq Control Software embedded in the MiSeq instrument. The QIIME data analysis package was used for 16S rRNA data analysis. After quality filtering and the removal of chimeric sequences, the sequences were grouped into operational taxonomic units (OTUs) using the clustering program VSEARCH (1.9.6) against the Silva 119 database pre*-*clustered at 97% sequence identity. The Ribosomal Database Program (RDP) classifier was used to assign a taxonomic category to all OTUs at confidence threshold of 0.8. The RDP classifier uses the Silva 132 database which has taxonomic categories predicted to the species level.

Statistical analysis
--------------------

Statistical analysis was performed with Excel statistics 2012 (Version 1.00, SSRI, Tokyo, Japan). All data were analyzed by one*-*way ANOVA followed by the Dunnett's *post hoc* test. The results were considered significant when the *P-*value was less than 0.05.

RESULTS {#s2}
=======

General findings
----------------

Three weeks after initiation of the administration experiment, loose stools were observed in some rats of the CLO*-*300 group. The mean values of final body weight were the largest in the CLO*-*0 group and the smallest in the CLO*-*300 group ([Fig. 2A](#fig_002){ref-type="fig"}Fig. 2.Effect of clothianidin (CLO) on the pattern of body weight gain. A: Observation of the changes in body weight over 28 days revealed that the average final body weight was suppressed in a CLO concentration-dependent manner. The circles represent the average value for each group. B: Weight gain was significantly lower in the CLO-300 group. Data represent means ± SE of each group and circles show the values for individual rats (n=6 in each). \*\**P*\<0.01 vs. the CLO-0 group (one-way ANOVA followed by Dunnett's *post-hoc* test).). Weight gain was significantly suppressed in the CLO*-*300 group ([Fig. 2B](#fig_002){ref-type="fig"}). The relative organ weights (/body weight) of the thymus, spleen and liver of rats are shown in [Fig. 3A--C](#fig_003){ref-type="fig"}Fig. 3.Effect of clothianidin (CLO) on relative organ weight gain (/body weight). The weights of the thymus (A), spleen (B) and liver (C) of rats exposed to subchronic administrations are shown. The thymus weight was significantly lower and the change in the spleen weights approached significance in the CLO-300 group. The liver weight was significantly higher in the CLO-300 group. Data represent means ± SE of each group and circles show the values for individual rats (n=6 in each), \*\**P*\<0.01 vs. the CLO-0 group (one-way ANOVA followed by Dunnett's *post-hoc* test).. Compared with the CLO-0 group, the thymus weights were significantly lower, and the spleen weights approached significance (*P*=0.12) in the CLO*-*300 group. The liver weights were significantly higher in the CLO*-*300 group.

Assessment of inflammatory response
-----------------------------------

We induced contact dermatitis in rats using DNFB in order to investigate the effect of CLO on the immune response. The inflammatory response of contact dermatitis was observed in the right ear auricles of the animals and assessed by ear thickness, general histology and immunohistochemistry. The median value of the ear thickness was 0.612 mm (mean value: 0.619 mm; range: 0.481*-*0.765 mm). There was no significant effect of CLO on ear thickness ([Table 1](#tbl_001){ref-type="table"}Table 1.Effect of clothianidin (CLO) on contact dermatitis and thymic structureGroupsEar thickness (*µ*m)M/C ratio (%)CLO-062.23 ± 3.2330.87 ± 6.48CLO-3060.70 ± 2.8833.85 ± 3.32CLO-30062.68 ± 3.3530.74 ± 2.63Median values for ear thickness and medulla/cortical area (M/C) ratio. Each values were used to assess contact dermatitis or the immunological status of thymus. Data represent mean ± SE of each group (n=6 in each) and evaluated by one-way ANOVA followed by Dunnett's *post-hoc* test. There was no significant effect of CLO.). The general histological analyses of the ear auricles by HE staining are shown in [Fig. 4](#fig_004){ref-type="fig"}.Fig. 4.General histology of contact dermatitis. The results of HE staining are shown for the sagittal sections of the right ear auricle in the rats of the clothianidin (CLO)-0 (A), CLO-30 (B) and CLO-300 (C) groups. The left side of each panel is the cartilage area, the central part is the dermis, and the right side is the epidermis. The granulomas found in a portion of the epidermis in one rat of each of the CLO-30 and 300 groups (D) and a magnified image (E) are also shown. Marked inflammatory cell infiltrations were observed in the right ear auricles (inflammatory skin), although no infiltrations were observed in the left ear auricles (normal skin), in all experimental groups. No significant effect of CLO on the degree of epidermal atrophy or thickening or the extent of inflammatory cell infiltration in the dermis was observed ([Fig. 4A--C](#fig_004){ref-type="fig"}), although granulomas, areas of intense epidermal hyperplasia, were found in one rat of each of the CLO-30 and 300 groups ([Fig. 4D](#fig_004){ref-type="fig"}). The magnified image of the granulomas ([Fig. 4E](#fig_004){ref-type="fig"}) shows eosinophilic and the density of the flattened nucleus. The results of the immunohistochemical analyses of the ear auricles visualizing TCRαβ, CD4, CD8, CD11b, CD68 and CD103 are shown in [Fig. 5](#fig_005){ref-type="fig"}.Fig. 5.Representative immunohistochemistry for TCRαβ (A*--*C), CD4 (D*--*F), CD8 (G*--*I), CD11b (J*--*L), CD68 (M*--*O) and CD103 (P--R) of the right ear auricles. The left, central and right panels show results for the clothianidin (CLO)-0, 30 and 300 groups, respectively. In addition to the HE staining, the left side of each panel shows the cartilage area, the central part the dermis, and the right side the epidermis. As for CD11b, the densities of immunoreactive cells (arrow) were observed in a portion of the epidermis in some rats regardless of CLO administration. Scale bars=100 *µ*m. In all experimental groups, some degree of TCRαβ, CD4, CD8, CD11b and CD68 immunoreactivity was observed in the right ear auricles, whereas there were few positive cells in the left ear auricles. We assessed the degree of inflammation in the ear using the following 2 parameters as indices: (1) the distribution of immunoreactive cells in the vertical (the epidermis, dermis and area around the cartilage) and horizontal (base to tip) range, and (2) the immunoreactive intensity. Scattered TCRαβ immunoreactive cells and only a small number of CD4 immunoreactive cells were observed throughout the ear auricle in all experimental groups ([Fig. 5A--F](#fig_005){ref-type="fig"}). There were a large number of CD8 ([Fig. 5G--I](#fig_005){ref-type="fig"}) and CD68 ([Fig. 5M--O](#fig_005){ref-type="fig"}) immunoreactive cells throughout the ear auricle, especially in the dermis, and these markers showed strong immunoreactivity in all experimental groups. The number of CD11b immunoreactive cells that showed strong immunoreactivity was large in all experimental groups, and dense regions of immunoreactive cells were observed in the epidermis in some rats regardless of CLO administration ([Fig. 5J--L](#fig_005){ref-type="fig"}). There were almost no CD103 immunoreactive cells, and the intensity of CD103 was lower compared with the intensities of the other markers ([Fig. 5P--R](#fig_005){ref-type="fig"}). Taken together, these results showed that CLO had no significant effect on the distribution of immunoreactive cells, and the immunoreactive intensity.

General histological findings excluding the ear auricle
-------------------------------------------------------

Next, we investigated whether subchronic oral administration of CLO affects the histological structure of the immune organs and liver. The general histological analyses of thymus, femoral bone marrow, spleen, mandibular lymph node, ileum including the Peyer's patch, and liver by HE staining are shown in [Figs. 6](#fig_006){ref-type="fig"} and[7](#fig_007){ref-type="fig"}Fig. 6.Effect of clothianidin (CLO) on the histology of immune organs and liver. Oral administration of CLO induced no marked alterations in histopathology of the thymus (A*--*C), femoral bone marrow (D*--*F), spleen (G*--*I), mandible lymph node (J*--*L) and Peyer's patch (M*--*O), except for liver (P*--*R). The left, central and right panels show results for the CLO-0, 30 and 300 groups, respectively. HE staining, transverse section and scale bars=500 *µ*m (A--L), 100 *µ*m (M--R).. In the thymus, there were no histological differences in any of the structures---such as the number of nuclear pyknosis and Hassall bodies---among the experimental groups ([Figs. 6](#fig_006){ref-type="fig"}A--C,[7](#fig_007){ref-type="fig"}A--F). No significant effect of CLO on the cortical and medullary areas was observed ([Table 1](#tbl_001){ref-type="table"}). In the femoral bone marrow of all experimental groups, adipocyte formation was significantly observed, but blood cells, which are indicators of hematopoietic function, appeared normal ([Fig. 6D--F](#fig_006){ref-type="fig"}). In the spleen, abnormal histological changes such as increased fibrosis and hemosiderin deposition were not observed in any of the groups ([Fig. 6G--I](#fig_006){ref-type="fig"}). There were no histological changes in the structures, such as the area occupied by the white pulp and the number of nuclear pyknosis, in any of the experimental groups ([Fig. 7G--I](#fig_007){ref-type="fig"}Fig. 7.Magnified images of the immune organs and liver (A--R). The left, central and right panels show results for the clothianidin (CLO)-0, 30 and 300 groups, respectively. Representative examples of the general histology of the medulla of the thymus are shown in (A, C, E), and representative examples of the general histology of the cortex of the thymus are shown in (B, D, F). Representative general histology for the white pulp of spleen (G*--*I). Representative general histology for the germinal center of mandible lymph node. A certain number of nuclear pyknosis (arrows) were observed among all experimental groups (J*--*L). Representative general histology for the follicles' germinal centers of Peyer's patch. Some nuclear pyknosis (arrows) were similarly observed (M*--*O). Representative general histology for around central vein of liver (P*--*R). Cytoplasmic vacuolation of the hepatocytes (arrows) was found in most of CLO-300 group (R). Scale bars=100 *µ*m.). In the mandibular lymph node of all experimental groups, developed lymphoid follicles and a certain number of nuclear pyknosis in the germinal center were observed. There was no significant effect of CLO in the structure of the mandibular lymph node ([Figs. 6J--L](#fig_006){ref-type="fig"}, [7J--L](#fig_007){ref-type="fig"}). In the Peyer's patch, there were no histological changes in the structures, such as the number of nuclear pyknosis, in any of the experimental groups ([Figs. 6M--O](#fig_006){ref-type="fig"}, [7M--O](#fig_007){ref-type="fig"}). In the liver, there was no significant effect of CLO on the nucleus and cell membrane, but cytoplasmic vacuolation of the hepatocytes was found in most rats of CLO*-*300 group ([Figs. 6P--R](#fig_006){ref-type="fig"},[7P--R](#fig_007){ref-type="fig"}). It is known that NNs induce oxidative stress and cause fatty liver in Quails by depositing free fatty acid \[[@r53], [@r60]\], while other pesticides influence body glucose homeostasis and cause glycogen storage \[[@r46], [@r48]\]. It is possible that our results reflect the deposition of fat drops or glycogen by CLO.

Analysis of differential gut microbiota
---------------------------------------

Illumina MiSeq sequencing was conducted at GENEWIZ in order to evaluate the effect of CLO on the gut microbiota preliminarily. The cecal samples from individual rats of the administration experiment were subjected to analysis. The numbers of OTUs identified in the cecal samples were 445 (the CLO*-*0 group), 442 (the CLO*-*30 group) and 447 and 440 (the CLO*-*300 group), respectively; thus, there were no obvious differences among groups. In the CLO-0 and 30 groups, the phyla Firmicutes and Bacteroidetes were dominant in terms of relative abundance, followed by Proteobacteria and Actinobacteria. In the CLO-300, the phyla Firmicutes and Bacteroidetes were dominant, but compared with the other groups, Firmicutes was clearly decreased and Bacteroidetes was increased. The dominance of Actinobacteria and Proteobacteria were reversed in the CLO-300 group ([Fig. 8A](#fig_008){ref-type="fig"}Fig. 8.Effect of clothianidin (CLO) on the gut microbiota. The relative abundance of various phyla and genera in the gut microbiomes of rats is shown. Group names are given (CLO-0: n=1, CLO-30: n=1, CLO-300: n=2). Abundance at the phylum level is shown in panel (A), and that at the genus level is shown in panel (B). "Other" indicates the relative abundance of all genus-level classifications other than the top 30.). At the genus level, the *Lachnospiraceae_NK4A136_group* was the most dominant bacterial group in the CLO-0 and 30 groups. On the other hand, in the CLO-300 group, *Lachnospiraceae_NK4A136_group* was the third or fourth most dominant bacterial group, and *Bifidobacterium* was much more abundance than in the CLO-0 and 30 groups ([Fig. 8B](#fig_008){ref-type="fig"}). The distributions of the 30 most abundant species in each group on the Genus level were clustered and plotted in a heatmap ([Fig. 9](#fig_009){ref-type="fig"}Fig. 9.The distributions of the 30 most abundant species of each group at the Genus level were clustered and plotted in a heatmap. Similarities and differences in each species are visualized by the color scheme in the heat map. The columns represent groups and the rows represent species. The dendrogram above the heatmap shows the cluster results for the samples and/or groups, and the dendrogram to the left shows the species cluster. The colors in the heat map represent the relative abundance of the corresponding species in the corresponding group.). The heatmap shows that the abundance of *Lachnospiraceae_NK4A136_group* was lower, and that of *Bifidobacterium* was higher in the CLO-300 group than in the CLO-0 and 30 groups. Moreover, there were some effects of CLO on the relative abundance of microbiota on the genus level, such as for *\[Eubacterium\]\_xylanophilum_group*, *Prevotellaceae_UCG-001*, *Ruminococcaceae_UCG-014*, *Turicibacter*, *Lachnospiraceae_UCG-001* and *Unclassified.* The cluster results indicate that the composition of microbiota of the CLO-300 group was distinct from those of the CLO-0 and 30 groups, although this result was not definitive due to the small number of samples.

DISCUSSION {#s3}
==========

We conducted experiments to investigate the effects of CLO on the immune system, including the immune response, in order to evaluate the causal association between the high frequency of allergic diseases and routine exposure to NNs. In contact dermatitis, no significant effect of CLO was found on ear swelling and immune cell infiltration. The concentration and amount of DNFB solution used for sensitization were almost the same as in the previous studies mentioned above \[[@r6], [@r41], [@r58], [@r66]\]. It is unlikely that we caused an excessive inflammatory response and failed to detect faint CLO effects. Therefore, our results suggest that CLO had only a small or no effect on the cellular immune response. There are also the following possibilities in regard to our results on ear swelling and immune cell infiltration. We showed that CLO decreased the thymus weight. Thus, the reason that a normal cellular immune response was observed may be that CLO significantly affected the primary lymphoid organs, but not the secondary ones. Previous studies reported that immune cells in peripheral tissues generally migrate to specific nearby lymph nodes (regional lymph nodes), and the mandibular lymph nodes are considered to be regional lymph nodes of the ear, nose and throat \[[@r7], [@r40]\]. Since people are routinely exposed to CLO via food consumption, the present study was conducted using an oral exposure route. CLO may have had no effect on the regional lymph nodes of ear auricles, which are more distant than the exposure sites. General histological findings of the ear auricles also showed no significant effect of CLO on the degree of epidermal atrophy or thickening and the extent of inflammatory cell infiltration in the dermis. However, granulomas, areas of intense epidermal hyperplasia, were found in one test rat of each of the CLO-30 and 300 groups. Granulomas are masses resulting from chronic inflammation. ACh reduces inflammatory cytokines from macrophages via α7 nAChR \[[@r44]\]. It is possible that subchronic CLO exposure might suppress cholinergic anti-inflammatory effects by reducing the expression of nAChRs. Thus, it was suggested that CLO might enhance the local inflammatory response, even if this does not result in severe inflammation.

Although there was little effect on the cellular immune response, thymus weight loss was found in the CLO-300 group. The general histological analysis showed no abnormal structures, including with respect to the percentages of cortical and medullary areas. In addition, no significant general histological changes were observed in the femoral bone marrow, spleen, mandibular lymph node or Peyer's patch. Our results indicate that there were no toxicity-related effects on the structure of these organs involved in immunity. Further studies are needed to determine the functional impact of CLO. The thymus is a specialized immune organ that plays an important role in the increase of TCR repertoires recognizing antigens, and the differentiation to CD4^+^ or CD8^+^ T cells. Since CD4^+^ T cells play a central role in the acquired immune system, it is possible that CLO had some effects on immune functions, such as the humoral immune response, that were dependent on decreased cells in the thymus. It is generally known that the thymus is highly sensitive to various stresses such as aging, sound, light and chemicals, and exposure to those stressors causes thymic atrophy \[[@r19]\]. Nicotine, which is an agonist of nAChRs, can activate the α7 nAChR on thymocytes and induce upregulation of the Fas apoptotic pathway \[[@r36]\]. It has been demonstrated that nicotine can mediate cell-cycle progression through the α7 nAChRs \[[@r54]\]. Taken together, these results suggest that CLO may have induced stress and/or disrupted the signaling downstream of nAChRs. Currently, there are few studies regarding thymic atrophy caused by NNs. In the present study, we provide new evidence that CLO causes thymic atrophy in only 10 times the amount of NOAEL \[[@r14]\].

Loose stool and suppression of body weight gain were observed in the CLO-300 group, suggesting that CLO may have some effect on the intestine. The intestine is considered to be the largest immune organ in the body, accounting for about 60--70% of host immune cells. ACh, which is a ligand of nAChRs, is one of the neurotransmitters in the nervous system, and the peristaltic movement is controlled by innervation of the enteric nervous system and autonomic nerves. Thus, it is possible that peristaltic movement was activated by CLO, leading to inadequate absorption of nutrition and water during feeding. In fact, anticholinergic agents are used for the treatment of diarrhea, because they slow colonic transit and improve stool consistency and frequency \[[@r35]\]. Increasing evidence indicates that the immune and nervous system maintain extensive interactions \[[@r12], [@r57]\]. Our present results further may suggest that the homeostasis of the immune system may be disrupted via influencing the intestinal functions.

In addition, recent studies have shown that the mammalian immune system plays an essential role in maintaining homeostasis with resident microbial communities, thus ensuring that the mutualistic nature of the host-microbial relationship is maintained \[[@r13], [@r25]\]. Immune maturation is likely influenced directly and/or indirectly by the presence of commensal microbes \[[@r17], [@r47]\]. The microbiota is influenced by a series of environmental factors, such as antibiotics and heavy metals \[[@r10], [@r29], [@r37], [@r71]\]. It has been increasingly investigated that several pesticides, including NNs, can influence gut microbiota \[[@r16], [@r28]\]. In consideration of the results of these previous studies, we investigated the direct and/or indirect effects of CLO on the immune system that are mediated by the gut microbiota. We found that Firmicutes was clearly decreased, Bacteroidetes was increased and the dominance of Proteobacteria and Actinobacteria was reversed in the CLO-300 group. There was also some effect of CLO on the relative abundance of microbiota at the genus level, such as on the levels of *\[Eubacterium\]\_xylanophilum_group* and *Bifidobacterium*, which are related to production of short-chain fatty acids (SCFAs). SCFAs are known to be involved in inducing Treg cells, macrophages or dendritic cells \[[@r15], [@r62]\]. In spite of the small number of samples, this result shows that CLO changes the composition of the gut microbiota and may influence the immune system.

In summary, we found no significant effect of CLO on the inflammatory response in histological analyses, but we observed thymus weight loss, loose stool, suppression of body weight gain, and changes in the gut microbiota in rats exposed to CLO for 28 days. Although these results were observed at a dose 10 times greater than the NOAEL dose, they suggested that CLO may have effects on the immune system. Further studies are needed in regard to specific effects on inflammatory cytokines, immune cells and nAChRs. Several studies have already demonstrated that exposure to a combination of multiple pesticides, or a combination of pesticide(s) plus stress, elicits more serious effects than exposure to either a single pesticide or stress alone \[[@r1], [@r18], [@r23], [@r27]\]. Multiple pesticides are often used in agriculture and people are exposed to multiple environmental factors in real-world settings. The present study provides evidence that subchronic exposure to CLO alone affects the immune system, which should contribute to the accuracy of future evaluations of the safety of NNs.
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